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Hyper-Kamiokande
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Hyper-Kamiokande
Total Volume       0.99 Megaton
Inner Volume      0.74 Mton
Fiducial Volume   0.56 Mton (0.056 Mton × 10 compartments)                                        
Outer Volume     0.2 Megaton
Photo-sensors    99,000 20”Φ PMTs for Inner Det.
                         (20% photo-coverage)
                         25,000 8”Φ PMTs for Outer Det.

×25 of Super-K

16

x25 of Super-K
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Multi-purpose detector, Hyper-K

•Proton decay 3σ discovery potential
• 5×1034 years for p→e+π0

• 1×1034 years for p→νK+

• Comprehensive study on ν oscillations
• CPV (76% of δ space at 3σ), <20o precision

• MH determination for all δ by J-PARC/Atm ν
• θ23 octant: sin2θ23<0.47 or sin2θ23>0.53
• <1% precision of Δm232

• test of exotic scenarios by J-PARC/Atm ν

• Astrophysical neutrino observatory
• Supernova up to 2Mpc distance, ~1SN /10 years 
• Supernova relic ν signal (~200ν events/10yrs)
• Dark matter neutrinos from Sun, Galaxy, and Earth
• Solar neutrino ~200ν events/day

Letter of Intent, Hyper-K WG, 
arXiv:1109.3262 [hep-ex]

Proton 
Decays

Sun

Supernova

accelerator

LBL study, Hyper-K WG, 
arXiv:1502.05199 and  
submitted to PTEP

Hyper-K: multi-purpose detector

• Proton decay 3σ discovery potential
• 5x1034 years for p→e+π0

• 1x1034 years for p→νK+

• Comprehensive study of ν oscillation
• CPV: 76% of δ space w/ 3σ, <20° precision

• MH determination for all δ with J-PARC/Atm ν
• θ23 octant: sin2θ23<0.47 or sin2θ23>0.53

• <1% presicion of Δm232

• Test standard ν oscillation scenario w/ acc/atm ν 

• Astrophysical neutrino
• Supernova up to 2Mpc distance, 1SN/10 years

• Supernova relic ν signal (~200ν’s/10 years)

• Dark matter neutrinos from Sun, Galaxy, Earth

• Solar neutrino ~200ν’s/day 4

* Letter of Intent: arXiv:1109.3262
* LBL studies: PTEP 2015, 053C02 (arXiv:1502.05199)
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Hyper-K proto-collaboration w/ cooperation 
of KEK-IPNS and U.Tokyo-ICRR

• KEK-IPNS and U.Tokyo-ICRR 
signed MOU to cooperate in 
promoting the Hyper-Kamiokande

5

MOU between
KEK-IPNS and U.Tokyo-ICRR

5

Hyper-K proto-collaboration w/ cooperation of 
KEK-IPNS and UTokyo-ICRR

Hyper-K Proto-Collaboration has been formed

Inaugural Symposium on 1/31, 2015

MoU signing by KEK/ICRR

- KEK-IPNS and Tokyo-
ICRR signed the MOU of the 
cooperation in promoting the 
Hyper-Kamiokande.

Hyper-K Proto-Collaboraiton formed

Jan 31, 2015
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C. K. JungNNN15/UD2 Workshop, October 29, 2015

The Nobel Prize in Physics 2015

“for the discovery of neutrino oscillations, which shows that 
neutrinos have mass”

Takaaki Kajita  
(Super-Kamiokande) 

Arthur B. McDonald 
(SNO) 
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Hyper-K Collaboration

• 240 members from 13 countries (and growing)

• Hyper-K Governance Structure has been defined
• Steering Committee, International Board Representatives,  

Working Groups Conveners Board
7
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Hyper-Kamiokande International Group

As of April 14, 2014

Europe 106

France

Italy

Poland

Russia

Spain

Switzerland

UK

10
13
4
7
3
22
47

Asia

Japan

Korea

72

64
8

Americas

Brazil

Canada

USA

62

2
19
41

- 240 people and growing!
- Hyper-K Governance Structure has been defined 
    - Steering Committee, International Board Representatives, 
and Convener Board  
- R&D fund and travel budget already secured in some countries, 
and more in securing processes.
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Project status
• Design Report is requested by KEK/ICRR
• To be prepared in 2015 toward the budget request

• cf. the next round of the SCJ master-plan and MEXT roadmap 
will be in 2016-2017

• Optimum design, construction cost and period, J-PARC ν-
beam, near detector, international responsibilities

• International review will proceed under KEK/ICRR to 
promote the project

• Once the budget is approved, the construction can 
start 2018 and the operation will begin in 2025

8

It is a critical time to promote the project
Open for new collaborators ;)
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Hyper-K target timeline

• 2018 Construction start

• 2025 Data taking start

• J-PARC beam power upgrade
• ≥360kW achieved in 2015 for T2K

• Design power 750kW in 2018-2019

• ≥1MW in 2020-2025 9

15

Target Schedule

JFY
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Access tunnels

Cavity excavation

Tank construction

sensor installation

Photo-sensor productionPhoto-sensor development

Survey, Detailed design

-2018   Construction starts
-2025   Data taking start
-2028 Discovery of Neutrino CP violation？
-2030 Discovery of Proton Decay？
-20xx  Detection of supernova neutrinos
-20xx  Discovery of new phenomena

750kW and beyond~240kW

J-PARC Power Upgrade

Construction

water filling

Operation

Prototype detector

T2K will accumulate
approved POT

15年4月20日月曜日

From Koseki-san’s slides 
@HINT2015 workshop

Friday, October 30, 15



Physics with Hyper-K 
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J-PARC to Hyper-K
• Relatively short baseline (295km, same as T2K)

• Less matter effect: good for CP measurement

• Complementary to other experiments with longer baseline 
(>1000km)

• 2.5 deg. Off-Axis beam (same as T2K)

• Low energy (~0.6GeV) and narrow band beam
• Peak around oscillation maximum

• Good match for Water Cherenkov detector

11

Expected ν fluxes at HK

Oscillation probabilities (L=295km)

PTEP 2015, 053C02 K. Abe et al.

Table 6. Oscillation parameters used for the sensitivity analy-
sis and treatment in the fitting. The nominal values are used for
the figures and numbers in this section, unless otherwise stated.

Parameter Nominal value Treatment

sin2 2θ13 0.10 Fitted
δC P 0 Fitted
sin2 θ23 0.50 Fitted
#m2

32 2.4 × 10−3 eV2 Fitted
Mass hierarchy Normal or Inverted Fixed
sin2 2θ12 0.8704 Fixed
#m2

21 7.6 × 10−5 eV2 Fixed
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Fig. 8. The predicted Hyper-K neutrino fluxes from the J-PARC beam without oscillations. The neutrino
enhanced beam is shown on the left and the anti-neutrino enhanced beam is shown on the right.

4.2. Neutrino flux
The neutrino flux is estimated by the T2K Collaboration [78] by simulating the J-PARC neutrino
beamline while tuning the modeling of hadronic interactions using data from NA61/SHINE [79,
80] and other experiments measuring hadronic interactions on nuclei. To date, NA61/SHINE has
provided measurements of pion and kaon production multiplicities for proton interactions on a 0.04
interaction length graphite target, as well as the inelastic cross section for protons on carbon. Since
“thin" target data are used, the secondary interactions of hadrons inside and outside the target are
modeled using other data or scaling the NA61/SHINE data to different center-of-mass energies or
target nuclei. NA61/SHINE also took data with a replica of the 90 cm-long T2K target, which will
reduce the uncertainties related to the secondary interactions inside the target.

For the studies presented in this document, the T2K flux simulation has been used with the horn
currents raised from 250 kA to 320 kA. The flux is estimated for both polarities of the horn fields,
corresponding to neutrino enhanced and anti-neutrino enhanced fluxes. The calculated fluxes at
Hyper-K, without oscillations, are shown in Fig. 8.

The sources of uncertainty in the T2K flux calculation include:

◦ Uncertainties on the primary production of pions and kaons in proton-on-carbon collisions.
◦ Uncertainties on the secondary hadronic interactions of particles in the target or beamline

materials after the initial hadronic scatter.
◦ Uncertainties on the properties of the proton beam incident on the target, including the absolute

current and the beam profile.

19/35
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Detector performance

• Large mass (25 x Super-K FV)
• Statistics is always critical

• Excellent particle ID (e/μ)
• Mis-identification <1%

• Energy resolution e/μ ~3%
• Quasi-elastic is dominant (sub-GeV)
→ Clean one-ring event

12

SK cosmic-ray μ

(MC) (MC)

SK atmospheric ν
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PID likelihood sub-GeV 1ring (FC)
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Detector performance for p-decays

• High mass (1Mton scale, 20×Super-K)

• Good ring-imaging capability at ~1GeV
• atmospheric ν, proton decays, accelerator ν

• Excellent particle ID (e or μ) capability > 99%
• Energy resolution for e and μ ~3%
• opportunity to improve more

• for proton decay search via p→e+π0

• good ~5% invariant proton mass resolution
• high 40% signal efficiency
• 99.998% atmospheric ν BG rejection
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νe CC candidates

• S/N~10 at peak (>99% νμCC/NC bkg rejection)

• High νe-signal selection efficiency: ≥60% 13

Reconstructed ν energy distributions 
(after applied selection cuts)

0.75MW x 3 years 0.75MW x 7 years

ν mode ν̅ mode

Signal
(νμ→νe CC)

Wrong-sign 
appearance

Beam νμ/ν̅μ  
CC

Beam νe/ν̅e  
CC

NC

ν-mode
(0.75kW x 3yrs)

3,016 28 11 523 172

ν̅-mode
(0.75kW x 7yrs)

2,110 396 9 618 265

sin2(2θ13)=0.1, 
δ=0, normal MH

PTEP 2015, 053C02 K. Abe et al.
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Fig. 11. Reconstructed neutrino energy distribution of the νe candidate events. Normal mass hierarchy with
sin2 2θ13 = 0.1 and δC P = 0 are assumed.

Table 7. The expected number of νe candidate events. Normal mass hierarchy with sin2 2θ13 = 0.1 and
δC P = 0 are assumed. Background (BG) is categorized by the flavor before oscillation.

Signal BG

νµ → νe νµ → νe νµ CC νµ CC νe CC νe CC NC BG total Total

ν mode 3016 28 11 0 503 20 172 706 3750
ν̄ mode 396 2110 4 5 222 396 265 891 3397

where mn , m p, m$ are the masses of the neutron, proton, and charged lepton, respectively, p$ is the
charged lepton momentum, and V is the nuclear potential energy (27 MeV).

Then, to select νe/νe candidate events, the following criteria are applied:

◦ The reconstructed ring is identified as electron-like (e-like).
◦ The visible energy (Evis) is greater than 100 MeV.
◦ There is no decay electron associated to the event.
◦ The reconstructed energy (E rec

ν ) is less than 1.25 GeV.
◦ In order to reduce the background from mis-reconstructed π0 events, additional criteria using a

reconstruction algorithm recently developed for T2K (fiTQun; see Sect. 3.3) is applied. With a
selection based on the reconstructed π0 mass and the ratio of the best-fit likelihoods of the π0

and electron fits as used in T2K [11], the remaining π0 background is reduced to about 30%
compared to the previous study [15].

Figure 11 shows the reconstructed neutrino energy distributions of νe events after all the selections.
The expected number of νe candidate events is shown in Table 7 for each signal and background
component. In the neutrino mode, the dominant background component is intrinsic νe contamina-
tion in the beam. The mis-identified neutral-current π0 production events are suppressed thanks to
the improved π0 rejection. In the anti-neutrino mode, in addition to νe and νµ, the νe and νµ com-
ponents have non-negligible contributions due to larger fluxes and cross sections compared to their
counterparts in the neutrino mode.

For the νµ/νµ candidate events, the following criteria are applied:

◦ The reconstructed ring is identified as muon-like (µ-like).
◦ The reconstructed muon momentum is greater than 200 MeV/c.
◦ There is at most one decay electron associated to the event.

22/35
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Effect of δCP≠0

• Sensitive to all δ values

• also sensitive to any non-standard CPV, if any
14

22

δCP dependence of observables
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Systematic uncertainties

• Syst. errors based on SK/T2K experience and prospect
• Error matrices of T2K adopted in HK sensitivity

• Near detector: constrain cross section error w/ water target

• Far detector: systematic error reduced by large stat. atm-ν 

15

23

Assumed systematic uncertainties

• Beam flux + near detector constraint

• Conservatively assumed to be the same

• Cross section uncertainties not constrained by ND

• Nuclear difference removed assuming water measurements

• Far detector 

• Reduced by increased statistics of atmospheric ν control sample

• Further reduction by new near detectors under study

ν modeν mode anti-ν modeanti-ν mode
νe νμ νe νμ

Flux&ND 3.0 2.8 5.6 4.2
XSEC model 1.2 1.5 2.0 1.4
Far Det. +FSI 0.7 1.0 1.7 1.1

Total 3.3 3.3 6.2 4.5

Uncertainty on the expected number of events at Hyper-K (%)

(T2K 2014)(T2K 2014)

νe νμ
3.1 2.7
4.7 5.0
3.7 5.0
6.8 7.6

Realistic estimation based on SK/T2K

− −

Expect further improvements with SK/T2K experience

See talk: GONIN, Michel (T2K/WAGASCI),
and posters: Ciro RICCIO (T2K), Jay Hyun JO (T2K), Tomoyo YOSHIDA (nuPRISM)

→ See Sam Short’s talk for further details

Systematic Uncertainty

27
23

Assumed systematic uncertainties

• Beam flux + near detector constraint

• Conservatively assumed to be the same

• Cross section uncertainties not constrained by ND

• Nuclear difference removed assuming water measurements

• Far detector 

• Reduced by increased statistics of atmospheric ν control sample

• Further reduction by new near detectors under study

ν modeν mode anti-ν modeanti-ν mode
νe νμ νe νμ

Flux&ND 3.0 2.8 5.6 4.2
XSEC model 1.2 1.5 2.0 1.4
Far Det. +FSI 0.7 1.0 1.7 1.1

Total 3.3 3.3 6.2 4.5

Uncertainty on the expected number of events at Hyper-K (%)

(T2K 2014)(T2K 2014)

νe νμ
3.1 2.7
4.7 5.0
3.7 5.0
6.8 7.6

Realistic estimation based on SK/T2K

− −
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Sensitivity to CP violation
• Exclusion of sinδ=0
• >3σ for 76% of δ space

• >5σ for 58% of δ space

• δ resolution 8°~19° 
depending on the true 
δ value

16

24
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Table 9. Uncertainties (in %) for the expected number of events at Hyper-K from the systematic
uncertainties assumed in this study. ND: near detector.

Flux & ND-constrained ND-independent
cross section cross section Far detector Total

ν mode Appearance 3.0 1.2 0.7 3.3
Disappearance 2.8 1.5 1.0 3.3

ν mode Appearance 5.6 2.0 1.7 6.2
Disappearance 4.2 1.4 1.1 4.5
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Fig. 18. The 90% CL allowed regions in the sin2 2θ13–δC P plane. The results for the true values of
δC P = (−90◦, 0, 90◦, 180◦) are overlaid. Top: normal hierarchy case. Bottom: inverted hierarchy case. Red
(blue) lines show the result with Hyper-K only (with a sin2 2θ13 constraint from reactor experiments).

(inverted) mass hierarchy. Also shown are the allowed regions when we include a constraint from
the reactor experiments, sin2 2θ13 = 0.100 ± 0.005. With reactor constraints, although the contour
becomes narrower in the direction of sin2 2θ13, the sensitivity to δC P does not significantly change
because δC P is constrained by the comparison of neutrino and anti-neutrino oscillation probabilities
by Hyper-K and not limited by the uncertainty of θ13.

Figure 19 shows the expected significance to exclude sin δC P = 0 (the C P conserved case). The
significance is calculated as

√
$χ2, where $χ2 is the difference in χ2 for the trial value of δC P

and for δC P = 0◦ or 180◦ (the smaller value of difference is taken). We have also studied the case
with a reactor constraint, but the result changes only slightly. Figure 20 shows the fraction of δC P for
which sin δC P = 0 is excluded with more than 3 σ and 5 σ significance as a function of the integrated
beam power. The ratio of integrated beam power for the neutrino and anti-neutrino modes is fixed to
1:3. Normal mass hierarchy is assumed. The results for the inverted hierarchy are almost the same.
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• CPV establish (sinδ≠0)

• 76% (58%) of δ for >3σ (>5σ)

• δ resolution:  8°-19°

15年4月20日月曜日
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Mass hierarchy determination
with atmospheric ν 

• なんで δ dependence が小さい？
17
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FIG. 35. Expected event rate changes in (a) sub-GeV single-ring e-like, (b) multi-GeV  e-like, and (c)

multi-GeV  ̄e-like event samples. The vertical axis shows the ratio of oscillated e-like event rate to the

non-oscillated one. Mass hierarchy is normal for dashed lines and inverted for solid lines. Colors show

sin2 ⌥23 values as 0.4 (black), 0.5 (green), and 0.6 (red). Points with error bars represent null oscillation

expectations with expected statistical errors for 5.6 Megaton·years exposure or 10 years of Hyper-K.

3. Neutrino mass hierarchy

In Fig. 35, the expected zenith angle distributions of e-like events are shown separately for

sub-GeV e-like, multi-GeV  e-like, and multi-GeV  ̄e-like sub-samples as the ratio against the non-

oscillated case. We expect a sizable di⌅erence between normal (dashed lines) and inverted (solid

lines) hierarchy both in the  e-like and  ̄e-like samples. The di⌅erence becomes larger for larger

sin2 ⌥23 because the resonance term is proportional to (r · sin2 ⌥23 � 1) in Eq. 5. Sensitivity for

determining the neutrino mass hierarchy is studied and shown in Fig. 36. The �✏2 for the wrong

sin2θ23=0.4
sin2θ23=0.5
sin2θ23=0.6

inverted hierarchy

normal hierarchy

Multi-GeV, νe-like

NH, previous 13 is fixed : sin2213 = 0.098 

3  

2  

Hierarchy sensitivity, 10 years of Atmospheric  data 

 Thickness of the band corresponds to uncertainty induced from cp  
Weakest sensitivity overall in the tail of the first octant 
 Hierarchy sensitivity is improved slightly after update 

 True for both hierarchies  
 

NH, Update 

3  

2  

3σ determination with <10 years exposure

(Normal hierarchy)
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(sensitivity depends on θ23 and δ)
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Nucleon decay search 
p→e+π0

• 2 or 3 e-like rings
• No decay-e
• 85<Mπ0<185 MeV/c2 (3ring)
• 800<Mp<1050 MeV/c2

• ptot<250MeV/c

18

16 

clear signal signature 
•  two or three showering rings 
•  Total momentum ~ 0 
•  Invariant Mass = 938 MeV�

Signal efficiency 40%

e+π0 selection

Invariant mass of p
Momentum balance

p→e++π0 searches
Super-K cut!
!  2 or 3 Cherenkov rings"
!  All rings are showering"
!  85 < M!0 < 185MeV/c2 (3-ring)"
!  No decay electron"
!  800 < Mproton < 1050 MeV/c2"

   Ptotal < 250 MeV/c "

- detection efficiency = 45%

- atmospheric ν BG   = 2.1±0.3(stat.)±0.8(syst.)  (Mton×years)-1  

- τproton/Br > 1.3 ×1034 years @ 90%CL

Quality of next generation search is guaranteed.
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Super-Kamiokande
219.7 ktyr exposureDST

2,3ring PID �0

decay-e

Mtot

PtotAtm. � MC
Data

Signal Box

Signal Box

SK1~4 SK1~4 SK1~4

Super-K data are well reproduced by BG MC.

‣ BG measurement by accelerator ν (K2K)
‣BG=1.63+0.42/-0.33(stat.)+0.45/-0.51(syst.) (Mt×yrs)-1 (Eν<3GeV)
‣Consistent w/ simulation  1.8±0.3(stat.)

PRD77:032003,2008

31

(Inefficiency due to π0 
interaction in nucleus)

Golden channel in Č detector 

Super-K event display

99.998% atmospheric ν 
background rejection
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Discovery potential
p→e+π0

• Discovery potential with 3σ 
• τ(p→e+π0) ~5x1034 yrs (HK 10ys)

• Sensitivity (90% CL limit)
• τ(p→e+π0) >1x1035 yrs (HK 10ys)

19

Bkg
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FIG. 42. Invariant mass distributions of MC events after all cuts except for the mass cut with a

5.6 Megaton·year exposure. The proton lifetime is assumed to be: (a) 1.2⇥1034, (b) 2.5⇥1034, (c) 5.0⇥1034,

and (d) 1.0⇥1035 years. Dots show the combined signal plus background events and the hatched histograms

are atmospheric neutrino background events.

two-body decays. Furthermore, when a proton in an oxygen nucleus decays, the proton hole is

filled by de-excitation of another proton, resulting in ⇤ ray emission. The probability of a 6 MeV ⇤

ray being emitted is about 40%. This 6 MeV ⇤ is a characteristic signal used to identify a proton

decay and to reduce the atmospheric neutrino background. There are three established methods

for the p �  K+ mode search [12]: (1) look for single muon events with a de-excitation ⇤ ray just

before the time of the muon, since the ⇤ ray is emitted at the time of K+ production; (2) search

for an excess of muon events with a momentum of 236 MeV/c in the momentum distribution; and

(3) search for ⌦0 events with a momentum of 205 MeV/c.

In method (1), the p �  K+(+⇤⇥),K+ � µ+ +  candidate events are selected with the

following criteria: (B-1) a fully contained (FC) event with one ring, (B-2) the ring is µ-like, (B-3)

there is a Michel decay electron, (B-4) the muon momentum is between 215 and 260 MeV/c, (B-5)

the distance of the vertices between the muon and the Michel electron is less than 200 cm, (B-6)

the time di⌅erence between the ⇤ and the muon is less than 75 ns (⌃ 6�K+), and (B-7) the number

of PMTs hit by the ⇤ is between 4 and 30 to (select 6 MeV energy). The prompt ⇤ hits are searched

Assume τ=1.2x1034

(SK 90% CL limit)

Proton invariant mass (MeV/c2)

Expect further improvement in analysis method, and 
photo-sensor performance (see latter slides)

(Sensitivity study uses Super-K analysis method)

Proton mass peak
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Discovery potential
p→νK+

• Discovery potential with 3σ 
• τ(p→νK+) ~1x1034 yrs (HK 10ys)

• Sensitivity (90% CL limit)
• τ(p→νK+) >3x1034 yrs (HK 10ys)
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‣Discovery reach (3σ)  
‣τ(p→νK+)~1×1034years（HK 10yrs）
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Experimental test on Supersymmetry

Triple coincidence: 16O→15N* de-excitation γ 
(6.3MeV), K→μν, and Michel-e
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Search for nucleon decays

• For all decay modes 
≥10 times higher 
sensitivity than 
current SK limits w/ 
HK 10 yrs operation

21

Search for nucleon decays
~10 times sensitivity 
than current Super-K 

limits
•p→e+π0:
•1.3×1035yrs (90%CL)
•5.7×1034yrs (3σ)

•p→νK+:
•2.5×1034yrs (90%CL)
•1.0×1034yrs (3σ)

(10 years)

23

The only near future 
project with sensitivity 
>1035 years (p→e+π0)

p decay

p→e+π0
Friday, October 30, 15



Status of R&D

22
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R&D progress in worldwide

2316

Worldwide R&D
New$11″$HQE$PMT$

by$ADIT/ETEL 
Low$capacity$AD,$
Pixelized$AD 
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D Electronics and data acquisition system 23

FIG. 8. Schematic diagram of data readout and processing system.

.

TABLE VII. Calibration techniques used in Super-Kamiokande

Calibration source Purpose

Nitrogen-dye laser Timing response, charge linearity, OD

Laser with various wavelength Water attenuation & scattering

Xe lamp + scintillator ball PMT gain, position dependence

Deuterium-tritium (DT) fusion generator [16N] Low energy response

Nickel + 252Cf [Ni(n, �)Ni] Absolute gain, photo-detection e�ciency

Cosmic ray muon / ⇡0 / decay electron Energy calibration for high energy events

2. R&D work and alternative options434

Although the baseline design is proved to work with the Super-K experience, there are several435

ongoing R&D to improve the performance of the electronics/DAQ for Hyper-K. The current e↵ort436

includes the development of a front-end electronics based on FADC, R&D of an FPGA-based high437

precision TDC, and a more intelligent trigger for low energy events and/or events extending over438

multiple compartments. It is planned to test multiple options with a prototype detector to evaluate439

their feasibility and performance.440

E. Detector calibration441

In order to achieve the scientific goals of Hyper-K, precise calibration of the detector is indis-442

pensable. Because the Super-K detector has been operated successfully for more than a decade443

HK Electronics: FADC + Communication

4th Hyper-K Meeting

19

RapidIO Test II

• Implemented 4 RapidIO cores in FPGA on each board; 

each RapidIO core has associated DMA engine.

• Managed to get each of 4 links running at 135MB/s; can 

also run faster, near 250MB/s, but needs to tweak DMA.

• Starting to work on the routing functionality; did some 

tests already, checking fail-over when cables are 

detached.

Terasic 

Board

Extension

Card

Trial&for&communica-on&
(RapidIO&in&FPGA&boards) Elec.&+&HV&modules&in&water 

Data/Clock/Power&
network&&in&water 

…&DAQ&system 
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FIG. 7. Schematic diagram of the front-end module.

There have also been several attempts to improve the photon collection e�ciency with special394

lens systems, wavelength shifters, or mirrors attached to the existing sensors. The e↵ect of such395

additional system to the detector performance, such as angular acceptance and timing resolution,396

needs to be carefully studied.397

D. Electronics and data acquisition system398

1. Baseline design399

In terms of the required specifications and the number of photosensors in one compartment, the400

current design of the Hyper-K detector is similar to that of the Super-K detector. Therefore, it is401

possible for us to design the data acquisition system using the same concept as SK-IV, reading out402

all the hit information from the photosensors, including the dark noise hits.403

However, because the egg-shape of Hyper-K detector makes the cable routing and mechanical404

support di�cult to design. We are now planning to place the front-end electronics module and the405

power supply for the photosensor in the detector water, close to the photosensor. The underwater406

front-end electronics will be enclosed in a pressure tolerant water-tight housing, which have been407

used in other experiments with several established techniques.408

The schematic diagram of the front-end module is shown in Fig. 7. There are four main409410

functional blocks in the front-end board. One module accepts signals from 24 photosensors.411

The signal digitization block accepts the signals from the photosensors and convert them to the412
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There have also been several attempts to improve the photon collection e�ciency with special394

lens systems, wavelength shifters, or mirrors attached to the existing sensors. The e↵ect of such395

additional system to the detector performance, such as angular acceptance and timing resolution,396

needs to be carefully studied.397

D. Electronics and data acquisition system398

1. Baseline design399

In terms of the required specifications and the number of photosensors in one compartment, the400

current design of the Hyper-K detector is similar to that of the Super-K detector. Therefore, it is401

possible for us to design the data acquisition system using the same concept as SK-IV, reading out402

all the hit information from the photosensors, including the dark noise hits.403

However, because the egg-shape of Hyper-K detector makes the cable routing and mechanical404

support di�cult to design. We are now planning to place the front-end electronics module and the405

power supply for the photosensor in the detector water, close to the photosensor. The underwater406

front-end electronics will be enclosed in a pressure tolerant water-tight housing, which have been407

used in other experiments with several established techniques.408

The schematic diagram of the front-end module is shown in Fig. 7. There are four main409410

functional blocks in the front-end board. One module accepts signals from 24 photosensors.411

The signal digitization block accepts the signals from the photosensors and convert them to the412

24&photosensors&in&unit 

New$11″$HQE$PMT$
by$ADIT/ETEL 

Low$capacity$AD,$
Pixelized$AD 

Improved$builtBin$HV,$
Low$noise$preamplifier 

Photosensor$TesHng$
FaciliHes$

PD$protecHve$case$ MagneHc$shielding$

US 

Canada'/'U
K 

(see Nishimura-san’s talk for details)
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New Photon Sensors

36

15年4月20日月曜日

New 20” photo-sensors

24

Super-K PMT Box&Line dynode PMT Hybrid photo-detector
(HPD)
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Performance of new photosensors

• New photo-sensors:
• High QE ~30% (cf. SK PMT ~20%)

• High CE ≥93% (cf. SK PMT ~80%)

• Better resolution of timing and charge

• Proof-test is in progress in Č detector (EGADS detector)

• R&D will be completed in 2016 to select one technology
25

17

Higher QE achieved

Succeeded for 50cm B&L PMT and HPD
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Further cost-down of the project is expected

High QE PMT

18

Photo-sensor performance

Time (ns)
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Super-K PMT
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T distribution @1p.e. 1p.e. Q distribution multi-p.e. Q dist.

1PE 
2PE 

3PE 
4PE 

1PE 
2PE 

SK PMT B&L PMT HPD

1p.e. Δt (ns) 2.1 1.1 1.4

1p.e. ΔQ/Q (%)
Peak/Valley ratio

53
2.2

35
4.3

16
3.9

• Achieved better T&Q resolution
• Further tests are planned (test in water, long-term stability etc.)
• to be concluded by 2016

1pe timing resolution charge resolution

≥1.7 times better 
  efficiency than SK PMT

→ See Nishimura-san’s talk for further details of Hyper-K R&Ds
Friday, October 30, 15



Summary
• Wide Physics topics, many discovery potentials

• ν CPV: 76% of δ space w/ 3σ, δ resolution <20° 

• Proton decay discovery

• SN burst, SN relic ν, indirect WIMP search, etc

• Many good results in R&D
• Large cavity excavation and its support

• Water containment system, e.g. HPDE liner

• 50cm high-performance photosensors, etc

• Boost promoting the project
• International proto-collaboration formed

• Design Report written up shortly

• Cooperation with KEK/ICRR to develop the project

• Open for new collaborators

26
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Supplements
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Mid-term plan of MR�

JFY� 2014� 2015� 2016� 2017� 2018� 2019� 2020�

Li. current 
upgrade�

New PS 
buildings�

FX power [kW] (study/trial)�

SX power [kW] (study/trial)�

320

-�

> 360 

33 - 40�

400

50�

450

50-70�

700

50-70�

800

~100�

900

~100�

Cycle time of main magnet PS
New magnet PS�

2.48 s}
�

1.3 s
�

1.3 s
�

1.2 s
�

High gradient rf system
2nd harmonic rf system
VHF cavity

Ring collimators�
Add.collimato
rs (2 kW)�

Add.collimat
ors (3.5kW)�
�

Injection system
FX system�

SX collimator / Local shields�

Ti ducts and SX devices with 
Ti chamber�

Beam ducts� ESS�
�

R&D�
Mass production 
installation/test�

R&D, manufacture, installation/test�

ajgkhpVcdVjlopnthlhmrXVdhorfVlfmsifgrsphVYrhqr�

ajgkhpVcdVjlopnthlhmrXVb_VqhorslXV`_VqhorfVlfmsifgrsphVYrhqr�

Local shields�

FXÌThe high repetition rate scheme is adopted to achieve the design beam intensity, 750 kW. Rep. rate will be 
increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s, RF cavities and some injection and extraction devices.�
SXÌ Parts of stainless steel ducts are replaced with titanium ducts to reduce residual radiation dose. The beam 
power will be gradually increased toward 100 kW watching the residual activity. �

Manufacture, installation/test�

Large scale  
1st PS�

R&D�

J-PARC MR for neutrinos

29

Koseki-san’s slide @HINT2015 workshop
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Candidate Site
• The candidate site locates under “Nijugo-

yama” (Mt. 25)
• ~8km south from Super-K
• Identical baseline and off-axis angle to T2K 

(295km, 2.5 deg)
• Overburden ~650m (~1755 m.w.e.)
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 same T2K beam off-axis angle (2.5 degree)

/day or 1megaton/80days natural 

Mozumi  
Mine�

Tochibora  
Mine�

~10km�

Super-K�

Hyper-K�

N�
~8km

1,156m a.s.l.�

508m a.s.l.�

overburden!
648m�

-300M�
-370M�
-430M�

0M=845m a.s.l.�

Hyper-K�

25yamaNijugo-yama
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Cavern Analysis Overview
• Elastic, static analysis was conduced and reported at the 

last meeting
- one calculation for the whole cavern. 
- evaluate the plasticity region based on elastic analysis

- Mohr-Coulomb’s criterion as failure criteria, general (mean) 
values for Young’s modulus 

- design PS anchors, rockbolts, and shotcrete to support the 
loosened area.

- elastic limit of the supports themselves not taken into account

11

• Elasto-plastic, static analysis
- step-by-step calculations for each excavation benches.
- perform calculation even after the stress exceeds the elastic limit.

- Hoek-Brown’s criterion as failure criteria, revised Young’s 
modulus

- strain softening calculation
- Designed supports are considered in the calculation 
- elastic limit of the supports also taken into account.

NEW
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values for Young’s modulus 

- design PS anchors, rockbolts, and shotcrete to support the 
loosened area.

- elastic limit of the supports themselves not taken into account

11

• Elasto-plastic, static analysis
- step-by-step calculations for each excavation benches.
- perform calculation even after the stress exceeds the elastic limit.

- Hoek-Brown’s criterion as failure criteria, revised Young’s 
modulus

- strain softening calculation
- Designed supports are considered in the calculation 
- elastic limit of the supports also taken into account.

NEW

Excavation steps & supporting method

Geological survey & Cavern stability
• Detailed geological surveys at the 

candidates site vicinity

• Cavern stability and its supporting 
method has been studied

• Confirmed that the HK cavern can 
be constructed with the existing 
techniques

31
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The above results were obtained by averaging data measured at three out of four 

points, eliminating outlying data. 
 

 

Table 3.2 Initial Stresses Calibrated to be  
    Equivalent to the ï370 mL Depth (1.08 times)  

Stress 
component 

(MPa) 

Stress component 
compensated to the 

analytical coordinate 
system (MPa) 

ǔx 12.42 8.10 
ǔy 8.10 12.42 
ǔz 16.31 16.31 
Ǖxy ï2.59 2.59 
Ǖyz ï3.67 6.26 
Ǖzx 6.26 3.67 

 

 

Table 3.1 Initial Stress Measurements Taken at ï300 mL  

 

Schmidt Net: Lower Hemisphere Projection 

East-west section (z-x plane) North-south section (y-z plane) Horizontal plane (x-y plane) 

Horizontal plane projection  
Six Stress Components (MPa) 3D principal stress (MPa) 

In-plane principal stress (MPa) 

 
nel axis 

Initial stress (in-situ meas.)

• elasto-plastic analysis and adopt Hoek-Brown failure criteria

Cavern stability
Cavern Stability

• Plasticity region ~10m at most (CM class) → affordable level  
• Proved in existing underground facilities (ex. power plants)

• For all rock mass classes (B, CH, CM), HK caverns can be 
constructed by existing excavation/support techniques. 14

CH class (relatively solid rock mass)

12

Affordable cable tension and plasticity region depth 
for B and CH class. 

2 
 

（２）PS アンカー検討解析   
 

ケース CH-900+1200： 許容アンカー力 900kN+1200kN 

  
主応力（kPa) 最大せん断ひずみ 

  
塑性域分布 変位分布(m) 

4m 
3m 

5m 
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ケース CH-900+1200： 許容アンカー力 900kN+1200kN 

  
PS アンカー軸力（kN) 作用軸力の最小～最大値 PS アンカー軸力（kN) 黒色 PS アンカー：許容アンカー力以上作用 

 

  Plasticity region depth~5m PS anchor tension
(black is over tension)

CM class (somewhat soft rock mass)

13

- Affordable cable tension and plasticity region depth even 
for CM class. 
- Need more long anchors than the past elastic analysis.
- Cost and schedule are to be revised in January.

Plasticity region depth~10m
PS anchor tension

(black is over tension)7 
 

①ＰＳアンカー パターン２ 
ケース CM： 許容アンカー力 900-2400kN 

  
主応力（kPa) 最大せん断ひずみ 

  
塑性域分布 変位分布(m) 
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9m 
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吹付けコン応力(kPa)  
  

CH class
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Fig. 6.3 Division of a Tunnel Face of an Excavated Side-Wall Section of a Tank 
Cavern 

 
 
 
 
6.2 Construction Process 

The process of constructing the tank cavern was evaluated based on references to 
the process estimation standards in Japan. The results are shown in Table 6.1. It 
will take a little over two years to excavate the new and additional sections, 
approach tunnels, belt conveyor tunnels, etc. After constructing these tunnels, a 
little less than three years will be required to excavate the tank cavern. Thus, the 
total process is expected to be completed in just less than five years. 

As described in Section 3.4, displacements and loosened zones can change, 
depending on the results of the further detailed analyses. Although anchors and 
other supports could control such changes, the cost and excavation process will have 
to be modified depending on actual site conditions. 
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Housing

Mounting Photo-sensor

 13

 
ᅗ-17� ௙ษ㒊ᵓ㐀ᅗ㸦඲య㸧 

 
 
 
 

 
ᅗ-18� ᯫᵓ඲యᅗ 

  

Photo-sensor
support

Tank and photo-sensor support

32

Water Containment System

1817

Concrete lining
HDPE lining

Rock
Shotcrete

Waterproof sheet

Drain pipes
(for sump water)

Drain pipe
(for leak water from tank)

• Tank lining consists of concrete (60cm) 
and Polyethylene (5mm) linings

• Drain lines are separated for sump 
water and leak-water from tank.

Polyethylene 
sheet

 1
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welded

Monday, May 27, 13

Polyethylene sheet

Lining & drain system

Photo-sensor Support
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•PMT    
• ID:    99,000 20” PMTs (20% photo-coverage)
• OD:  25,000 8” PMTs (same coverage as SK)

Outer PMT (8”)

Inner PMT (20”)

• Number of photo-sensors
• Inner Detector: ~99,000 of 20” (20% photo coverage)

• Outer Detector: ~25,000 of 8” (identical coverage to SK) 

• Stainless-steel supporting structure holds photo-
sensors

Monday, May 27, 13

• Baseline designs of the water 
containment system and photo-
sensor support are ready

Water Containment System

1817

Concrete lining
HDPE lining

Rock
Shotcrete

Waterproof sheet

Drain pipes
(for sump water)

Drain pipe
(for leak water from tank)

• Tank lining consists of concrete (60cm) 
and Polyethylene (5mm) linings

• Drain lines are separated for sump 
water and leak-water from tank.

Polyethylene 
sheet
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Designing work...
• All major part of HK tank has been designed.
• Include layout of water pipes, front-end electronics, 

cables, calibration holes, plug manholes, ... etc.

33

5940mm

39
60

m
m

: Cable for outer PMT
: Network/Power cable

: Cable for inner PMT
: Support structure

: Hub / Front End Electronics

: Inner photo-sensor (20”)

: Outer photo-sensor (8”)

Electronics & 
cable layout

Photo-sensor housing

: Outer bottom pipe 

: Outer top pipe

: Inner top pipe

: Inlet/Outlet        

: Inner barrel pipe 

: Outer barrel pipe 

: Inner bottom pipe 

Water piping layout

Calibration holes

Plug manhole

Friday, October 30, 15
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p→e++π0 in SK I-IV (260kt×yrs)

p→e++π0
- detection efficiency = 40%
- atmospheric ν BG   = 0.7 events in 260kton×years

                                           2.7±0.3(stat.)±1.2(syst.)  (Mton×years)-1  
- τproton/Br > 1.4 ×1034 years @ 90%C.L.
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‣ Succeed to keep the background low.  More reduction is 
under study.
‣ BG rate was confirmed by K2K accelerator ν beam

PRD77:032003,2008 9
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p→e+π0 search: BG (atm ν)

35Masashi Yokoyama (U. Tokyo) Nucleon decay search with Hyper-Kamiokande

p→e+π0 search: BG (atm ν)

12

p→e++π0 searches
Super-K cut!
!  2 or 3 Cherenkov rings"
!  All rings are showering"
!  85 < M!0 < 185MeV/c2 (3-ring)"
!  No decay electron"
!  800 < Mproton < 1050 MeV/c2"

   Ptotal < 250 MeV/c "

- detection efficiency = 45%

- atmospheric ν BG   = 2.1±0.3(stat.)±0.8(syst.)  (Mton×years)-1  

- τproton/Br > 1.3 ×1034 years @ 90%CL

Quality of next generation search is guaranteed.
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Super-Kamiokande
219.7 ktyr exposureDST

2,3ring PID �0

decay-e

Mtot

PtotAtm. � MC
Data

Signal Box

Signal Box

SK1~4 SK1~4 SK1~4

Super-K data are well reproduced by BG MC.

‣ BG measurement by accelerator ν (K2K)
‣BG=1.63+0.42/-0.33(stat.)+0.45/-0.51(syst.) (Mt×yrs)-1 (Eν<3GeV)
‣Consistent w/ simulation  1.8±0.3(stat.)

PRD77:032003,2008
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BG prediction
confirmed with
high statistics
K2K 1kton

near detector
measurement

  
1.63

-0.33
+0.42

(stat.)−0.51
+0.45

(syst.)[Mt × years]−1(Eν < 3GeV )
Consistent w/ simulation 1.8±0.3(stat.)

MC K2K data

PRD 77, 032003(2008)

Reliable prediction of next generation experiment

SK data well reproduced 
with Bkg MC.
Major Bkg: atmospheric ν 
CC evts (ex. ν̅ep→e+nπ0,  
νen→e-nπ+ w/ charge 
exchange)
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MC K2K data
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Reliable prediction of next generation experiment
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p→ν+K+ searches in SK

K+ is below Cherenkov threshold
→ 236MeV/c μ and muon decay 
electrons

ν"

γ"

16O! K+!

ν"
µ+!

16O→νK+15Nγ, K+→µ+ν"

γ"

µ+!

t!
e+"

Number of a hits
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(I) K+→μ+ν, μ+→e+νν

Tag de-excitation γ from 15N* to reduce BG 

1.γ tagging efficiency has been improved.
2.high muon decay electrons efficiency in SK-IV.
3.better momentum reconstruction is employed.

Super-Kamiokande I, III, IV

Super-Kamiokande I-IV

Many efforts to improve analyses

e+

PRD90, 072005 (2014)

1036
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p→ν+K+ searches

‣π0 efficiency was improved by dedicated 
π0 finding algorithm
‣Shape information of π+ hits for BG 
reduction

(II) K+→π+π0

p→ν+K+
- 260 kton×years exposure (SK-I+II+III+IV) 
- τproton/Br > 5.9 ×1033 years @ 90%CL

γ"
γ" backward π+"

PRD90, 072005 (2014)

PRD90, 072005 (2014)

PRD72,052007
SK-I paper in 2005       91.7 kt y       14.6%                      1.3 evts.                     

Summary of prompt γ and ππ searches
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Atmospheric ν oscillation

• Resonance enhancement of νe 
appearance (νμ distortion) via 
Earth’s matter effect
• Only ν if normal hierarchy, only 
ν̅ if inverted hierarchy

• Large θ13 helps for MH 
determination

38

NPB 689 (2004) 479
r: νμ/νe flux ratio (~2 at low energy)
P2: νe→νx transition prob. in mattersolar term

interference term

θ13 resonance term (matter effect)

2012.8.22 Roger Wendell  
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Pure oscillation probabilities  

  In the presences of the now large 13 resonant enhancement of the 
P(eoscillation probability occurs via matter interactions 

Resonance occurs only for (anti-)neutrinos under the Normal (Inverted) 
Hierarchy
Effects are roughly halved going to the IH 

P()   P(e)   

~10,000 km 

~100 km 

“Multi-GeV” “Sub-GeV” 

Interference

Solar Matter

baseline: 
~100km

~10,000km

normal/inverted hierarchy でごこのサインが代わる？
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B. Atmospheric neutrinos

1. Goals of the atmospheric neutrino study

Atmospheric neutrinos are a guaranteed neutrino source in the Hyper-Kamiokande experiment.

The indication by T2K [1] that ⌥13 is potentially large is encouraging for future atmospheric

neutrino studies, as there will be a good chance to extract information on neutrino properties via

the three flavor oscillation e⌅ect. Assuming sin2 2⌥13 > 0.04 as the global fit result suggests [28],

the targets of the atmospheric neutrino studies in Hyper-K would be:

• mass hierarchy determination, namely to select �m2
32 > 0 or �m2

32 < 0 with more than 3�

significance provided sin2 ⌥23 > 0.4.

• to solve sin2 ⌥23 octant degeneracy, namely to discriminate sin2 ⌥23 < 0.5 (first octant) from

sin2 ⌥23 > 0.5 (second octant), when the mixing is not maximal as sin2 2⌥23 < 0.99.

• to obtain complementary information on CP phase ⌅.

To extract the expected three flavor oscillation e⌅ects, we will study atmospheric electron neutrino

flux variations as well as muon neutrino flux variations. Expected sensitivities for all of these topics

are discussed in this section.

Oscillation probabilities of atmospheric neutrinos in the three flavor neutrino mixing scheme

have been discussed by many authors, and the oscillation e⌅ect in electron neutrino flux is analyt-

ically calculated [64] as:

⇤( e)

⇤0( e)
� 1 ⌥ P2 · (r · cos2 ⌥23 � 1)

�r · sin ⌥̃13 · cos2 ⌥̃13 · sin 2⌥23 · (cos ⌅ ·R2 � sin ⌅ · I2)

+2 sin2 ⌥̃13 · (r · sin2 ⌥23 � 1) (5)

where we call the first, second, and third terms the “solar term”, “interference term”, and “⌥13

resonance term”, respectively. P2 is the two neutrino transition probability of  e �  µ,⌅ which is

driven by the solar neutrino mass di⌅erence �m2
21. R2 and I2 represent oscillation amplitudes for

CP even and odd terms. For anti-neutrinos, the probabilities P2, R2, I2 are obtained by replacing

the matter potential V � �V , and the sign of the ⌅ (see [64] for details). r is the  µ/ e flux ratio

as a function of neutrino energy; r ⌥ 2 at sub-GeV energies, starts deviating from 2 at 1 GeV, and

reaches to ⌃ 3 at 10 GeV. The ⌥̃13 is an e⌅ective mixing angle in the Earth; sin2 ⌥̃13 could become

large at 5 ⌃ 10 GeV neutrino energy due to the matter potential [65–67]. This MSW resonance
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Mass hierarchy determination
with atmospheric ν 

• なんで δ dependence が小さい？
39
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FIG. 35. Expected event rate changes in (a) sub-GeV single-ring e-like, (b) multi-GeV  e-like, and (c)

multi-GeV  ̄e-like event samples. The vertical axis shows the ratio of oscillated e-like event rate to the

non-oscillated one. Mass hierarchy is normal for dashed lines and inverted for solid lines. Colors show

sin2 ⌥23 values as 0.4 (black), 0.5 (green), and 0.6 (red). Points with error bars represent null oscillation

expectations with expected statistical errors for 5.6 Megaton·years exposure or 10 years of Hyper-K.

3. Neutrino mass hierarchy

In Fig. 35, the expected zenith angle distributions of e-like events are shown separately for

sub-GeV e-like, multi-GeV  e-like, and multi-GeV  ̄e-like sub-samples as the ratio against the non-

oscillated case. We expect a sizable di⌅erence between normal (dashed lines) and inverted (solid

lines) hierarchy both in the  e-like and  ̄e-like samples. The di⌅erence becomes larger for larger

sin2 ⌥23 because the resonance term is proportional to (r · sin2 ⌥23 � 1) in Eq. 5. Sensitivity for

determining the neutrino mass hierarchy is studied and shown in Fig. 36. The �✏2 for the wrong

sin2θ23=0.4
sin2θ23=0.5
sin2θ23=0.6

inverted hierarchy

normal hierarchy

Multi-GeV, νe-like

NH, previous 13 is fixed : sin2213 = 0.098 

3  

2  

Hierarchy sensitivity, 10 years of Atmospheric  data 

 Thickness of the band corresponds to uncertainty induced from cp  
Weakest sensitivity overall in the tail of the first octant 
 Hierarchy sensitivity is improved slightly after update 

 True for both hierarchies  
 

NH, Update 

3  

2  

3σ determination with <10 years operation
(sensitivity depends on θ23 and δ)

Normal hierarchy

Δ
χ2

=χ
2 (

in
ve

rte
d)

 - 
χ2

(n
or

m
al

)

: δ variation
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Hierarchy Sensitivity :  Normal Hierarchy  

 Intensity of the matter effect  and hence electron appearance scales with the size 
of 13   

 By the time Hyper-K is running, the value of 13 should be very well known 
 However this sensitivity is a function of both the 23  octant and true value of cp  

   

sin23 = 0.6 

 0.5 

 0.4 

cp = 40 deg. 

Fix 13 

3  
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Muon rate at candidate site

• Estimated cosmic-ray muon rate
• HK candidate site (1755m.w.e.): 1.0~2.3 x 10-6 /cm2/sec

• cf. SK location (2700m.w.e): ~0.14 x 10-6 /cm2/sec
40

B Water purification system 25

N<-->S(m)
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3.905 3.683 3.492 3.349 3.244 3.184 3.17 3.192 3.242 3.315 3.413

3.178 3.009 2.869 2.769 2.695 2.653 2.646 2.672 2.725 2.803 2.909

2.599 2.487 2.386 2.316 2.267 2.241 2.241 2.269 2.323 2.405 2.515

2.143 2.072 2.003 1.955 1.925 1.913 1.92 1.951 2.007 2.091 2.203

1.783 1.74 1.694 1.663 1.649 1.648 1.663 1.697 1.758 1.844 1.957

1.498 1.472 1.443 1.427 1.425 1.433 1.455 1.497 1.56 1.65 1.766

1.272 1.257 1.241 1.236 1.243 1.26 1.29 1.337 1.406 1.499 1.621

1.09 1.084 1.079 1.083 1.098 1.122 1.159 1.212 1.287 1.387 1.514

0.945 0.947 0.949 0.961 0.983 1.014 1.056 1.116 1.197 1.304 1.439

0.831 0.837 0.847 0.865 0.893 0.93 0.979 1.044 1.131 1.244 1.387

0.74 0.752 0.768 0.791 0.824 0.867 0.922 0.993 1.086 1.205 1.354

0.669 0.685 0.706 0.735 0.773 0.82 0.881 0.959 1.057 1.182 1.336

0.613 0.633 0.659 0.693 0.735 0.787 0.854 0.937 1.042 1.171 1.329

Alt= 508.0m

FIG. 11. Muon flux calculated by MC simulation around the Hyper-K candidate location at Lat.

36⇤21⌅08.928⌅⌅N, Long. 137⇤18⌅49.688⌅⌅E, and altitude 508 m above sea level. Horizontal and vertical axes

represent distance from the candidate location in m in the North-South and West-East direction, respec-

tively. Text and color represents expected muon flux in units of 10�6sec�1cm�2. Two boxes represent the

candidate locations of the two Hyper-K detector modules. The calculation has been performed based on

the predicted muon flux at the Earth’s surface, attenuation by the rock around the detector. The depth in

the mountain is calculated using a 50 m mesh tomographic map. A rock density of 2.7g/cm2 is assumed in

the attenuation calculation.

stable, and the radon concentration in the tank is held below 1 mBq/m3. Following this success,

the Hyper-Kamiokande water system design will be based on the current Super-Kamiokande water

system.

Naturally, ever-faster water circulation is generally more e⌅ective when trying to keep huge

amounts of water clean and clear, but increasing costs limit this straightforward approach so a

compromise between transparency and recirculation rate must be found. In Super-Kamiokande,

50,000 tons of water is processed at the rate of 60 tons/hour in order to keep the water transparency

(the attenuation length for 400 nm-500 nm photons) above 100 m, and 20 m3/hour of radon free air

is generated for use as a purge gas in degas modules, and as gas blankets for both bu⌅er tanks and

the Super-Kamiokande tank itself [45]. For the 0.99 million tons of water in Hyper-Kamiokande,

Muon rates at
HK tank floor level
in (cm-2 sec-1)
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Photo-sensor R&D
• Candidates for ID photo-sensors

• 20” Hybrid photo-detector (HPD)
• Photo-sensor with avalanche diode, 

replacing metal dynodes

• Expected better performance than 
standard PMT in photon counting, 
timing, collection efficiency, lower cost

• 20” High QE PMT (~30% QE)

• Long term proof test of 8” HPD 
(and Hi-QE PMTs) in 200-ton 
water tank begins in this summer
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~8kV

Avalanche Diode (AD)

x ~400

~260V

x ~100
AD gainBombardment gain

        ΔV
 ~ -260V

pho
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5mmϕ AD
Status/of/photo&sensor/R&D�

�   8”/HPD/prototype/under/evaluaJon/
!  Showing/good/performance//

!  Long&term/proof/test/in/a/200&ton/
water/tank/from/this/summer/

�   20”/HPD/first/prototype/coming/in/a/
few/months/
!  Evaluate/performance/and/feedback/

!  TesJng/in/the/water/tank/next/year/

�   High&QE/20”/photocathode/
!  Test/producJon/done/(SK/type/PMT)/

���

Peak&to&Valley/~9/
(~2/@SK/20”/PMT)�

10

Photo-sensor
• Candidates for ID sensor

• 20” Hybrid Photo Detector (HPD)

• New 20” PMT

• Proof test of 8” HPD in a water tank from this winter 

• 20” HPD prototype is expected in ~a half year

Pre3calibra=on!and!performance!evalua=on!!
!  !Calibrate!gain!before!test!in!water!
!  !Detailed!evalua=on!of!performance!and!!
!check!long3term!stability!

!  !Study!of!reflector!and!light!collector,!etc.!
!
Proof!test!in!water!by!EGADS!tank!!
!  !Measure!Cherenkov!light!

! ! !!with!wide!dynamic!p.e.!range!
!  !Compare!with!20”!PMT!
!  !Start!since!this!summer!

17/May/2012� Hyper3K!photo3sensor!and!DAQ!(Nishimura)� ��

→!83inch!HPD!is!measured!at!first.!

EGADS!20”PMT!case�

EGADS!200!ton!tank�
@Kamioka

Preparation @ Kamioka

8” HPD

Status/of/photo&sensor/R&D�

�   8”/HPD/prototype/under/evaluaJon/
!  Showing/good/performance//

!  Long&term/proof/test/in/a/200&ton/
water/tank/from/this/summer/

�   20”/HPD/first/prototype/coming/in/a/
few/months/
!  Evaluate/performance/and/feedback/

!  TesJng/in/the/water/tank/next/year/

�   High&QE/20”/photocathode/
!  Test/producJon/done/(SK/type/PMT)/

���

Peak&to&Valley/~9/
(~2/@SK/20”/PMT)�

90ns

8mV1p.e.
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Friday, October 30, 15


